The androgen receptor (AR) gene is located on the X chromosome and contains a polymorphic CAG tract. CAG repeat expansions in the AR have been associated with male infertility and the neuromuscular disease, spinal bulbar muscular atrophy (SBMA). Based on Mendelian inheritance patterns, moderate CAG expansions in infertile men treated by intracytoplasmic sperm injection (ICSI) would be vertically transmitted to female offspring. Should further elongation of the repeat region occur in the male germline, it is conceivable that longer expansions could also be transmitted by ICSI and may lead to an increased incidence of male infertility and SBMA in succeeding generations. To determine the degree of stability of the paternal AR CAG tract following ICSI, we compared the CAG repeat number in the AR alleles of 92 men presenting for ICSI and their 99 ICSI-conceived daughters. CAG repeat lengths in the AR alleles were determined by fluorescent polymerase chain reaction and Genescan analysis of amplification products separated on DNA sequencing gels. In the vast majority of cases (95 out of 99), we found that the AR CAG tracts ranging in size from 15-28 repeats exhibited stable inheritance in female offspring. However, in the remaining fatherdaughter pairs, there was a discordance in the expected inheritance pattern with evidence for both CAG expansion (20→24; 22→23) and contraction (26→18 or 22) of the paternal AR allele. The detection of a low frequency of CAG mutation in paternal AR alleles following ICSI would be consistent with gonadal mosaicism originating from meiotic DNA replication errors. These findings in a typical group of infertile men undergoing ICSI for a variety of indications tend to alleviate concerns that ICSI may promote the transmission of AR alleles with expanded CAG tracts and suggest that the risk of SBMA in second generation sons would be extremely low.
Introduction
gynaecomastia (Arbizu et al., 1983; Choong and Wilson, 1998) . Like all related CAG repeat neurodegenerative disorders, Androgens are key mediators of normal male sexual develope.g. Huntington's disease (HD), dentato-rubro-pallidoluysian ment and are continually required for maintenance of secondary atrophy (DRPLA) and spinocerebellar ataxia (SCA) types 1, sexual characteristics and fertility. These steroid hormones act 2, 3, 6 and 7, the length of the AR CAG tract shows a tendency through the androgen receptor (AR) which is a transcriptional to expand over generations leading to an increase in the factor that contains functional domains for DNA binding, severity of SBMA pathology and a concomitant decrease in ligand binding and transcriptional regulation (Jenster et al., the age of disease onset (Choong and Wilson, 1998) . The 1991). The AR is encoded by a single copy gene on the X association between CAG repeat number in the AR gene chromosome and contains, in exon 1, a polymorphic CAG and male infertility has also been the subject of several tract (Lubahn et al., 1988) that varies in length between investigations in different ethnic populations. In American individuals with a normal range of 11-31 repeat units (La Spada (Puscheck et al., 1994) , Swedish (Giwercman et al., 1998 (Giwercman et al., ) et al., 1991 Edwards et al., 1992) . Mutations in the AR gene and German (Dadze et al., 2000) studies of infertile men, no have been associated with a wide variety of disorders in males, significant increase in AR gene CAG repeat number above including androgen insensitivity syndrome, prostate cancer and control subjects was found. However, in Chinese (Tut et al., Kennedy's disease (Choong and Wilson, 1998). 1997) and Belgian (Legius et al., 1999) studies, where a Kennedy's disease, also known as spinal and bulbar muscular larger group of infertile men with spermatogenic defects and atrophy (SMBA), is a fatal X-linked neurodegenerative disease control male subjects were examined, longer CAG tracts were that occurs when the AR gene CAG repeat number is Ͼ40 associated with infertility. More recently, in another study in (La Spada et al., 1991) . A subgroup of patients with SMBA which men with idiopathic infertility were classified according also display other clinical features, e.g. progressive androgen to their semen parameters (Dowsing et al., 1999) , it was shown that a subgroup of azoospermic and oligozoospermic men had insensitivity, severe oligozoospermia, testicular atrophy and or more of semen count, motility or morphology was subnormal.
significantly longer AR gene CAG repeats than men of proven Accordingly, some men (n ϭ 5) had normal sperm counts but fertility, thus providing the most convincing evidence to date increase in the length of the CAG repeat tracts than does maternal transmission (Ranen et al., 1995; Takiyama et al., Isolation of genomic DNA 1995; Ikeuchi et al., 1996) . Single sperm typing studies of Unless otherwise stated, all reagents and chemicals were purchased disease alleles for DRPLA (Takiyama et al., 1999) , HD from Progen Industries Ltd (Brisbane, Australia). Genomic DNA was (Leeflang et al., 1995) and SMBA (Zhang et al., 1995) have purified from 2 ml blood samples. Red cells were lysed by the addition of 4 volumes of red cell lysis buffer (10 mmol/l Tris pH 8.0, shown that a high proportion of individual spermatozoa contain 10% sucrose, 5 mmol/l MgCl 2 , 0.1% Triton X-100) for 5 min at room larger intragenic CAG repeat tracts than those found in the temperature. White cell pellets were resuspended in 0.5 ml of corresponding lymphocyte DNA. To a much lesser extent, white cell lysis buffer (100 mmol/l Tris pH 8.0, 50 mmol/l EDTA, gonadal mosaicism is also observed in men carrying AR gene 50 mmol/l NaCl, 1% sodium dodecyl sulphate, 1 mg/ml of proteinase CAG repeat tracts within the normal range (Zhang et al., K) Further, given that the AR CAG tract can expand during Australia) spermatogenesis (Zhang et al., 1994) , we postulated that Australia Pty Ltd) in a final volume of 7.5 µl. Thermal cycling collection of venous blood from prospective fathers and either cord parameters were 95°C, 55°C and 72°C for 45 s each (30-35 cycles) blood (at delivery) or venous blood (at 4-12 months of age) from followed by 72°C for 10 min to ensure complete addition of their ICSI children. Blood samples were obtained from 92 consecutive deoxyadenosine at the 3Ј ends for accurate allele sizing. infertile men and their 99 daughters in EDTA blood tubes. Preliminary
Fluorescently-labelled PCR products were quantified on 1.5% Y chromosome testing of the infertile men for the spermatogenic agarose gels and diluted to optimal concentrations prior to polymarkers RBM and DAZ (McLachlan et al., 1998) eliminated Yq acrylamide gel electrophoresis. Diluted PCR products (1 µl) were deletions in the AZFb and AZFc regions respectively, as a potential mixed with 2 µl of loading buffer (75% deionized formamide, cause of their infertility. Male factor indications for ICSI and their 5 mmol/l EDTA, 5 mg/ml blue dextran) containing Genescan tetraclinical diagnoses are summarized in Table I . The assessment of methylrhodamine (TAMRA)-labelled internal standards (Applied semen was performed on two separate occasions at intervals of 6 Biosystems), heated for 3 min at 95°C and loaded directly onto 4.2% weeks, according to World Health Organization guidelines (WHO, denaturing sequencing gels. Samples were electrophoresed (ABI 377 1999). Sperm concentration was grouped into four categories:
sequencer, Applied Biosystems) at 3000 V for 2 h and bands sized azoospermia, severe oligozoospermia (Ͼ0 to Ͻ5ϫ10 6 /ml), oligozooby Genescan Applied Biosystems software using the local Southern spermia (Ͼ5 to Ͻ20ϫ10 6 /ml) and normal (Ͼ20ϫ10 6 /ml). Sperm method to calculate the molecular size. motility was assessed as total motility (WHO grades A, B and C) of Ͻ10, 11-40 and Ͼ40%. Sperm morphology was classified using Analysis of AR gene CAG repeat lengths strict criteria of Ͻ90, 91-95, 96-99 and 100% abnormal forms. In some cases of severe oligozoospermia, inadequate spermatozoa were
The number of AR gene CAG repeats predicted by Genescan were compared with the actual number determined by direct dideoxy available for assessment of motility and/or morphology. The diagnosis of idiopathic seminiferous tubule failure (STF) was made when one terminator cycle sequencing using the Big Dye Terminator Sequencing FNA ϭ fine needle aspiration; TESE ϭ testicular sperm extraction. Definitions: extreme oligozoospermia ϭ Ͼ0 to Ͻ0.1ϫ10 6 spermatozoa/ml; severe oligozoospermia ϭ 0.1 to Ͻ5.0ϫ10 6 spermatozoa/ml; oligozoospermia ϭ Ͼ5.0 to 20ϫ10 6 spermatozoa/ml; normozoospermia ϭ Ͼ20ϫ10 6 spermatozoa/ml.
Kit (PE Applied Biosystems). In male DNA with AR gene CAG repeats of 15, 19, 20, 21, 24, 26, 27 and 28 (ascertained by direct DNA sequencing), Genescan consistently underestimated the actual repeat length by one repeat unit. Discrepancies between DNA sequencing and Genescan have been reported for DNA containing long CAG repeat sequences (Bruland et al., 1999) and appears to be related to their ability to form intra-molecular secondary structures that cause slight changes in their electrophoretic properties. In this study, the CAG repeat lengths found in the AR gene of the infertile men by Genescan varied from 15-28 repeats and thus was in the range verified by DNA sequencing. On this basis, the exact CAG repeat number was simply calculated by adding one CAG repeat unit to the number predicted by Genescan. Unfortunately, due to the unavailability of the mothers genomic DNA, a complete analysis of Figure 1 . Genescan profiles of androgen receptor (AR) alleles from AR allelic inheritance was not possible in each father/daughter pair.
an intracytoplasmic sperm injection (ICSI) father (F697) and his To unequivocally identify the inherited paternal allele in the daughters twin daughters (D6996 and D698). Open peaks represent TAMRAwe also attempted linkage analysis with a second polymorphic (GGC) n labelled molecular weight markers with sizes in nucleotides shown repeat region located 1132 nucleotides upstream of the AR gene CAG at the bottom. Filled peaks indicate the 6 FAM-labelled polymerase tract (Lubahn et al., 1988) . Using thermostable polymerases Pfu chain reaction (PCR) products containing the AR gene CAG region (Promega Corporation) and Pfx (GibcoBRL, Life Technologies), we from each subject and numbers above represent CAG repeat lengths were unable to generate PCR products encompassing the two repeat determined by Genescan analysis. regions in the AR gene. In the absence of genomic DNA from the mothers, inheritance patterns of the AR gene CAG repeat region obstructive oligozoospermia (n ϭ 20) and poor/failed fertilizafollowing ICSI were deduced by directly comparing the father and tion in a previous IVF cycle (n ϭ 14). The CAG repeat lengths daughters alleles in parallel analyses.
in their AR gene were determined by fluorescent PCR and automated allelic sizing on DNA sequencing gels. As a group, Statistical analysis the mean AR gene CAG repeat number of the ICSI fathers Differences in mean AR gene CAG repeat lengths between the different male factor diagnostic groups were examined by the Wilcoxon two was 22.2 Ϯ 0.3 with a range of 15-28. There was no significant sample test. P Ͻ 0.5 was considered to be statistically significant. difference in the mean AR gene CAG repeat number between men with STF and men with other male factor diagnoses (Table I) .
Results

ICSI fathers and AR gene CAG repeat lengths
Comparison of AR gene CAG repeat tracts in ICSI fathers and their female offspring A cohort of 92 consecutive men who fathered 99 daughters (85 singletons and seven twins) by ICSI was selected for the The length of the AR gene CAG tracts in the two alleles inherited by each of the 99 daughters conceived after ICSI study. The male factor diagnoses for these infertile men are shown in Table I . Half the men (46 of 92) were diagnosed were determined in the same gels with their respective fathers.
As an example of our CAG repeat analysis strategy, the with idiopathic seminiferous failure (STF). The remainder presented with other clinical indications for ICSI, particularly inheritance profile for father F697 who had twin daughters D696 and D698 are shown in Figure 1 . In this case, the AR the daughters (Table II) , thus validating the expected relationship between each pair. gene CAG repeat number of 22 in the father's allele was also found in one of the two daughter alleles. This inheritance For F437/D854, the two AR alleles of the daughter contained a CAG number less than the 26 repeat paternal pattern indicates that each daughter inherited an identical paternal AR allele with 20 CAG repeats but different maternal allele, suggesting a contraction of the CAG tract by either four or eight repeat units. In contrast, for F972/D822, the daughters AR alleles with 14 and 22 GAG repeats respectively.
To determine the degree of stability of the CAG repeat tract AR alleles were one CAG repeat shorter and four CAG repeats longer than the 20 repeat paternal allele suggesting either a of paternal AR alleles following ICSI, the CAG repeat number in each matching ICSI father and daughter pair were similarly one CAG contraction or a four CAG expansion of the paternal allele. For both F1416/D1415 and F1432/D1427, the daughters compared and results are summarized in Figure 2 . In 95 of 99 cases (95%) an AR allele with the same number of CAG were biallelic for the AR repeat region with CAG numbers that were four and one CAG repeat unit longer than that of repeats was found in each father/daughter pair indicating the transmission of an unchanged paternal allele to the daughters. the respective 20 and 22 repeat paternal alleles indicating an expansion of the CAG tract in each case. Together, these However, in the remaining four father/daughter pairs F437/ D854, F972/D822, F1416/D1415 and F1432/D1427, an findings provide evidence for a low frequency of contraction and expansion of the AR CAG tract in paternal alleles of identical AR CAG repeat allele was not found (Figure 2 and Table II ), suggesting the presence of an altered paternal allele infertile men transmitted by ICSI. in these daughters. To eliminate the possibility that these discordant results were due to mislabelled DNA samples or Discussion non-paternity, father and daughter DNAs were subjected to microsatellite analysis using the polymorphic markers D1S199, In this study of 92 infertile men who fathered 99 daughters by ICSI, we examined the transmission pattern of the paternal D4S403, D9S1690 and D12S86. In all cases, at least one of the paternal alleles for each of three markers was inherited by AR gene CAG tract by comparing the CAG repeat regions in the AR allele of the father and the two AR alleles in the CAG repeat tract beyond the limits of the normal range. Interestingly, three of the four paternal alleles that exhibited daughter. In the vast majority of cases, there was no trend towards an increase in paternal AR CAG repeat lengths CAG expansion/contraction were from men diagnosed with STF who had extreme or severe oligozoospermia. The other following ICSI. In four female offspring, minor expansions and contractions of the paternal AR gene CAG repeat region paternal allele which increased by only a single CAG repeat unit was from a man who had undergone vasectomy reversal. were found. In light of the fact that a low level of gonadal mosaicism has been reported in normal healthy men (Zhang Further analysis of a larger group of men with STF and a variety of other male factor diagnoses is therefore essential to et al., 1994) , it is likely that the altered paternal AR alleles inherited by these daughters originated in the fathers' determine if there is any significant association between defective spermatogenesis and a propensity of the paternal AR spermatozoa and was transmitted by ICSI. These findings from a reasonably representative group of patients undergoing ICSI allele to undergo a shift in CAG number following ICSI. The overall stability of the somatic CAG repeats (Sutherland for a variety of indications suggest that the procedure is relatively safe for this type of population although some and Richards, 1995) would suggest that the most likely origin of AR gene CAG repeat mosaicism results from DNA concern still remains for infertile or sterile men.
An important issue in this study was the identification of replication errors during meiosis in the male germ line. The molecular mechanisms underlying the susceptibility of CAG the paternal AR allele in the female offspring. In view of our failure to co-amplify the adjacent GGC polymorphic region repeats to expansion and contraction are not known but are believed to involve either unequal crossover or single strand and the unavailability of maternal DNA to assist in determining the origin of the parental AR alleles, we simply applied slippage of the DNA polymerase during meiotic DNA replication (Hancock and Santibanez-Koref, 1998) . From single sperm Mendelian principles to deduce the paternal allele in each ICSI daughter. Seven of the fathers had twin daughters which analyses of alleles involved in the CAG repeat diseases HD, DRPLA and SBMA, a high level of gonadal mosaicism with allowed us to additionally analyse the maternal AR alleles, see Figure 1 . In each of the 14 twin daughters, one of the two respect to the CAG tract has been reported (Leeflang et al., 1995; Zhang et al., 1995; Takiyama et al., 1999) . For example, AR alleles had the same number of CAG repeats as the paternal AR allele. In six pairs, each of the twin daughters HD alleles show an increase in the frequency of CAG expansion as the size of the CAG repeat tract increases from a premutation had a different second AR allele, identifying the two maternal alleles and one pair had the same second allele, identifying length to a disease length, as well as a concomitant increase in the extent of the triplet expansion (Leeflang et al., 1995) . only one of the maternal alleles. The six 'non-identical' twin daughter pairs and one 'identical' twin daughter pair with For highly expanded HD alleles, the frequency of spermatozoa with increased CAG repeats of Ͼ95% (Leeflang et al., 1995) . respect to the AR alleles demonstrate that the paternal allele was most likely inherited unchanged. In 11 other father/ In contrast, the frequency of contraction of disease alleles and expansion and contraction of normal alleles was only in daughter pairs, only one AR allele was found in the daughter (bi-allelic) and it had the same number of CAG repeats as the the order of 5%. Studies on a large number of X-bearing spermatozoa from men with AR gene CAG repeat sizes within paternal allele. These 11 cases again demonstrate that the paternal allele must have been inherited unchanged. In 70 the normal range also showed a low frequency of change relative to their lymphocyte DNA with a four-fold increase in other cases (e.g. paternal 25 CAGs, daughter 25, 20 CAGs) an allele with exactly the same number of CAG repeats was contraction over expansion (Zhang et al., 1994) . The range of CAG contraction varied from 1-16 triplets whereas the range found in the daughter and strongly suggests inheritance of an identical paternal allele. However, in this example, the of CAG expansions varied by 1-6 triplets. For alleles in the lower range of normal (20, 22 CAG repeats) the frequency of possibility that the paternal allele had changed from 25 to 20 and the daughter actually inherited a maternal AR allele with change was~1.5% but doubled for moderately expanded alleles (28, 29, 30 and 31 CAG repeats) . Based on these single 25 repeats (like the father) cannot be excluded, even though the probability of these two independent events occurring by sperm analyses, the predicted frequency of transmission of an altered paternal AR allele would be in the order of 1.5-3%. chance would be extremely low. Therefore based on these analyses, the inheritance patterns would strongly indicate that Our results from 92 infertile men and their ICSI-conceived daughters showed an overall mutation frequency of 4% at the in 95 of 99 cases, the paternal AR allele was transmitted unchanged to the female offspring.
AR gene CAG repeat locus which closely reflects the pattern of AR gene CAG repeat mosaicism reported in single spermatozoa In the remaining four cases, it was clear that the paternal AR allele inherited by the daughter had either lost or gained from subjects with similar AR gene CAG lengths. Together, these data tend to alleviate concerns that paternal transmission CAG repeats. Notably, there were two expansions, one of a 22 and one of a 20 CAG allele involving one and four repeats by ICSI significantly increases the frequency of mutations in the AR gene CAG repeat region inherited by female offspring respectively and one contraction of a 26 CAG allele involving either a four or eight CAG contraction. The other change to a above that predicted for natural conception. If moderately expanded AR alleles are the cause of the 20 CAG allele could have been either an expansion of four repeats or a contraction of one repeat. Given that the normal spermatogenic defect in some of the patients analysed in this study, ICSI will undoubtedly perpetuate a similar phenotype length of AR gene CAG tract lies between 11 and 31 repeats (La Spada et al., 1991; Edwards et al., 1992) , there was no in approximately half of the second generation sons. Further, given the overall stability of the paternal AR gene CAG repeat case where the mutation of AR CAG repeat region shifted the
